Video-enhanced optical f luorescence microscopy has been used to determine the direction of the transition dipole moment of individual molecules. Fast electro-optical switching of the polarization of the excitation allowed us to detect the linear dichroism of single f luorophores in solid phospholipid membranes. Quantitative analysis of the f luorescence signal showed that rotational mobility is absent in solid biomembranes.
Information about orientational disorder and rotational mobility of molecules is required for a detailed description and understanding of the dynamical behavior of inhomogeneous media such as glasses, polymers, and biological membranes. 1 -4 In particular, the rotational mobility of proteins embedded in membranes and its importance as a regulatory principle for dynamic processes in biosystems 3,5 -8 have stimulated substantial efforts to develop new methodologies in this field. So far, such studies have been performed by conventional f luorescence anisotropy experiments, in which the molecules of interest are covalently tagged with a f luorophore. However, because of the insuff icient synchronization of the dynamics within an ensemble of molecules, single-molecule experiments have become the most challenging perspectives from which to study orientational dynamics in biological systems. It has been shown that f luorescence anisotropy studies are feasible under ambient conditions on a singlemolecule level. 1, 2, 4, 9 In these studies either the time for acquisition of one image was of the order of minutes at a spatial resolution of ϳ10 nm or, at higher temporal resolution, no spatial information was acquired. To study intrinsically mobile molecules in bioscience, however, one must have a methodology that is capable of imaging in milliseconds, a typical time scale for larger structural rearrangements of proteins. 3, 10 Here we report the development of a new type of experiment for determination of such rearrangements based on fast single-molecule imaging 11, 12 in combination with measurement of the linear dichroism induced by a single molecule. Electro-optical tuning of the polarization of the exciting laser field allowed us to individually address single f luorescence molecules on artificial biomembranes by the directions of their transition dipole moments. At a spatial accuracy of 40 nm and a time resolution of 15 ms the orientation of the transition dipole moment vector of an individual molecule is visualized. It was found that molecules embedded in solid phospholipid membranes exhibit no rotational diffusion, at least on a time scale up to minutes. In contrast, in f luid phospholipid membranes the rotation was too fast to be resolved by our setup.
The sample preparation and experimental arrangement for single-molecule imaging was described in detail in Ref. 12 . In brief, phospholipid membranes of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-phocholin (POPC) forming a f luid membrane and 1,2dipalmitoyl-sn-glycero-3-phosphocholin (DPPC) forming a solid membrane were deposited at room temperature onto glass slides by the conventional Langmuir-Blodgett technique. 13 The second layer of the membranes that faced the aqueous environment was doped with small amounts (ϳ10 29 mol͞mol) of f luorescence-labeled lipids (TMR-DHPE, Molecular Probes, T-1391). For this concentration the surface density of the f luorescence molecules is ϳ 0.01 molecule͞mm 2 . Subsequently, the samples were mounted upon an inverted microscope equipped with a 1003 objective (NA 1.3; Zeiss PlanNeof luar) and illuminated for 5 ms by the 528-nm line of an Ar 1 laser (Coherent C306) at an intensity of 25 kW͞cm 2 . An electro-optical modulator system (Lasermetrix LMA-3-FW) allowed for fast rotation of the polarization of the excitation light by p͞2. The degree of polarization measured by means of a polarizing beam splitter at the position of the sample was better than 95:5. Use of appropriate filter combinations permitted us to detect the f luorescence by a nitrogen-cooled CCD camera (Photometrix AT200) with an efficiency of 3%, virtually free of background signal. 11 Images were taken every 15 ms with alternating polarization of the excitation light. In previous publications 11, 12 we showed that such simple equipment allows for imaging of individual molecules with a time resolution of milliseconds and a lateral accuracy of ϳ40 nm. Figure 1 shows the effect of alternation of the excitation polarization on the f luorescence signal of individual molecules in a solid DPPC membrane. A 5.4 3 5.9 mm area of the phospholipid membrane was imaged. The f luorescence of two molecules (two dark spots) that were 3.51 6 0.05 mm apart was easily detected out of the background (white to gray) in the leftmost image of Fig. 1a . In the second image of Fig. 1a , after rotation of the excitation polarization by p͞2, only one of both molecules remained visible, whereas the second disappeared. In the third image, when the polarization was turned back, both molecules were observed again. This behavior was followed during the whole image sequence of 14 images spanning a time period of 195 ms. The detected f luorescence signals are plotted in Figs. 1c and 1d for both molecules as functions of time and polarization (Fig. 1b ). In the on state the f luorescence signals were characterized OPTICS LETTERS / Vol. 22, No. 9 / May 1, 1997 Fig. 1 . a, Fluorescence images of a 5.4 mm 3 5.9 mm area of a solid phospholipid membrane. The images were taken with a repetition time of 15 ms while they were illuminated for 5 ms, and scaled between 0 (white) and 40 ( black) photon counts. b, Polarization of the excitation laser beam was switched between 0 and p͞2 as indicated by the square wave. c, d, Photon counts for both molecules observed in a. by 157 6 14 counts ( Fig. 1c ) and 149 6 12 counts (Fig. 1d ). Both values are in good agreement with those found in our previous experiments. 12 The disappearance of the f luorescence in the eighth and the rightmost images of the series is attributed here to (reversible) photobleaching or spectral diffusion. 4, 9, 12 From the f luorescence intensity values for both directions of the polarization, I ͑P ͒, the absorption anisotropy r ͓I ͑0͒ 2 I ͑p͞2͔͒ ͞ ͓I ͑0͒ 1 I ͑p͞2͔͒ was determined. The value of r is insensitive to spatial inhomogeneities of the exciation intensity and is less sensitive to nonlinear effects such as f luorescence saturation than the f luorescence signal itself. Analysis of Fig. 1 yielded values ofr 0.86 6 0.06 and r 0.05 6 0.08 for the two molecules, respectively, averaged over the time series of 14 images shown. The absorption anisotropy is a good measure for the direction of the transition dipole moment of the molecules with respect to the polarization of the excitation light. It is characterized by an angle u arccos͓ p ͑r 1 1͒͞2͔, yieldingū 12 6 5 ± andū 44 6 2 ± for the two molecules in Fig. 1 . Earlier studies showed that such f luorophores lie f lat upon the lipid membrane with their dipole moments perpendicular to the membrane normal. 14 Combining this information with the anglesū determined here fully characterizes the three-dimensional orientation of both molecules with respect to the laboratory frame.
In total, 19 molecules were analyzed in the solid DPPC membrane. The values of r ranged from 20.67 to 1, with a mean of 0.23 and a standard deviation of 0.28. This mean is close to zero as expected for randomly oriented molecules. However, the same re-sult would be found for molecules rotating faster than our observation time. A better measure for orientational mobility is obtained by averaging the absolute value of the absorption anisotropy. For immobile molecules randomly oriented on the surface a mean absolute anisotropy jrj j2 cos 2 ͑u͒ 2 1j 2͞p 6 1͞p is predicted. Analysis of all molecules detected in the solid DPPC membrane yielded jrj 0.66, with a standard deviation of 0.31. Both values are in excellent agreement with those predicted. Further, no lateral mobility was observed within the observation time of our experiment of up to 0.5 s (data not shown). This demonstrates that both the rotational and the lateral mobilities in the DPPC membrane are frozen out at room temperature. It should be noted here that a distinction between randomly oriented but immobile and fast rotating molecules is possible only on the basis of single-molecule observations.
As expected, in the f luid POPC membrane no linear dichroism was observed. Three hundred eleven individual molecules were analyzed. They underwent a lateral diffusional motion characterized by a diffusion constant of D lat 3.5 6 0.5 mm 2 ͞s. 12 The mean absolute anisotropy was jrj 0.14 6 0.07, which is in good agreement with the value for a randomly oriented, fast rotating system, jrj ͑DI ͞I ͒1͞ p 8 0.07, calculated by Gaussian error analysis and taking into account the inaccuracy of the intensity determination of DI ͞I 0.2. The rotational mobility in such a membrane is on the time scale of nanoseconds to microseconds, 6 much faster than our observation time window.
In conclusion, we have shown that rotational mobility on a time scale of a few milliseconds can be directly observed on a single-molecule basis. The methodology might be a prof itable tool for the development of a detailed microscopic picture of melting in inhomogeneous media, and, in particular, it has the potential to permit direct observation of large-scale molecular rearrangements in proteins during their function.
